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Abstract
An important symbiotic relationship that forms in wetland environments occurs between
plants and arbuscular mycorrhizal fungi (AMF). In terrestrial communities AMF colonization is
limited by phosphorus; excessive phosphorus can lead to an uncoupling of the relationship. Few
studies have examined the relationship between AMF and phosphorus concentration in wetland
plants. The studies that have, found a decrease in AMF colonization at phosphorus
concentrations as low as 0.03 mg/L P, however, methodological issues limit the interpretation of
these results. To address this, a field and greenhouse study were completed using more realistic
exposure conditions, field deployable assays (FDA), and natural intact soil cores that more
accurately reflect the soil and soil communities that are present within the Grand River
watershed.
In the greenhouse study, Phalaris arundinacea, Veronica anagallis-aquatica and
Echinochloa muricata were grown at 10, 30, or 644 µg/L P using with a flow through exposure
system. The results showed species-specific responses that were dependent on phosphorous
concentration. Phosphorous levels ranging from 0.01-0.03 mg/L P were able to negatively affect
the percentage of AMF colonization, for example at the lowest phosphorous concentration
Echinochloa muricata had an average AMF colonization of 26% but with increased phosphorous
colonization, colonization decreased to approximately 3.5%. The field study utilized the same
plant species and showed a significant decrease in AMF colonization at sites with high
phosphorous concentrations (85.9-90 µg/L P) compared to the site with low phosphorous
concentrations (55.8 µg/L P). In the field, root weight, surface area and length were also
significantly lower at locations with high phosphorous concentrations (85.9-90 µg/L P). The
outcome of the controlled and field studies showed the range of phosphorus that impacts AMF
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colonization was between 10-30 µg /L P. Considering the provincial target in Ontario is 30 µg /L
P, higher than what is altering AMF associations, additional research is needed to determine how
these changes affect plant and mycorrhizal community structure and ecosystem functioning to
determine if a change in lower limits for provincial targets is needed.
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Introduction

Wetlands
Wetlands can be described as transitional areas that interface between aquatic and
terrestrial environments (Brinson, 1993). They are characterized by poorly drained soils,
hydrophytic vegetation and may contain extensive biological activity (Zhang, 2017; Zoltai,
1995). Wetland ecosystems provide many valued services that include acting as a reservoir for
plants and animals, storing floodwater, maintaining surface water flow during dry periods, water
filtration system and providing both a nesting habitat and feeding location for organisms.
Wetlands range in ecological variability across the world. The quantity and quality of the water
can ultimately influence the ecology of the wetland (Webb et al. 2012). Apart from their
biological function, wetlands play a role in the world’s biogeochemical cycles; They act as
sources, sinks and transformers of carbon and nutrients and help to remove suspended solids,
nutrients, pathogens as well as metals (Ciais, et al., 2014). Despite their biological and chemical
importance, wetlands have become threatened due to various human interactions such as
commercial development, drainage of aquifers, the introduction of invasive species and
contamination from pesticides, herbicides and excess nutrients (Mitsch, 2013). Since the
twentieth century an estimated 50% of global wetlands have disappeared and in Canada alone
65-80% have vanished (Tatu, 2017). To preserve the remaining wetlands and the ecosystem
services that they sustain, there is dire need for management (Adekola, 2011).
Constructed wetlands have been utilized for over 40 years to exploit the natural capacity
of wetland plants to treat wastewater. They treat wastewater by removing phosphorous and
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nitrogen that accrue in water bodies (Vymazal, 2010). The economic benefit obtained from the
use of constructed wetlands is a factor of 2-10 of competing concrete or steel operations
(Vymazal, 2010). The capitalized future cost savings of wetlands treating wastewater is
estimated between $785 to $1500 per acre (Breaux, et al. 1994). Given the ecosystem services
that wetlands provide, it is necessary to understand the factors that influence the ability of
wetlands to provide and maintain those services (Barbier, et al., 2011).

Role of Vegetation in Wetlands
The many benefits that wetlands provide are primarily due to the presence and diversity
of vegetation. One of the main services that vegetation provides is to filter water and aid in
improving its quality by contaminant removal. Vegetation and associated microbial communities
have the capacity to filter out suspended solids and remove or sequester heavy metals and
nutrients such as N and P (Read, 2008). Reduction of these nutrients and pollutants has been
proven with the installation of floating beds in eutrophic water. Li (2010), found that the
integration of a vegetated floating bed in the Meiliang Bay of Lake Taihu, reduced total nitrogen
by 52.7% and total phosphorus by 54.5%. Vegetation contributes to soil aggregation and
therefore decreases soil erosion in wetland systems (Feagin, 2009). This is completed by the
physical binding of soil particles by roots and root hairs (Feagin, 2009) and by supporting
microbial communities that excrete binding agents, like glomalin leading to the formation of
stable soil aggregates (Rillig, 2004). Gyssels and Poesen (2003), showed that increasing the plant
root density within the topsoil provided a viable erosion control strategy in European wetland
ecosystems.
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Aboveground, shoot systems also play important roles. Stems and leaves provide an
important buffering layer that diminishes the effect of erosive agents including the sun, water
and wind on soils (Morgan and Rickson, 2003). The above ground portions of the plants are also
important to grazing animals within wetlands as well as smaller invertebrates that rely upon them
for food (Hamilton, 2001). For example, depending on the animal’s body fat percentage, 36%85% of a small ruminant’s diet and 75%-95% of cattle’s diet are of plants (Celaya, et al. 2007).
Additionally, plant shoots are essential as a source of habitat to small animals. Tittler et al.
(2009), review the need for wetland vegetation and the adverse effects that occur to songbirds
when vegetation is reduced/removed. Considering the multitude of benefits that wetland
vegetation provides, it is important to understand how water quality affects plant community
composition and functionality.

Effects of Phosphorus on Water Quality
Phosphorus is an essential mineral nutrient that occurs naturally in the soil and mineral
deposits. Throughout the process of weathering, phosphorus is released from mineral deposits as
phosphates which exist as orthophosphate, metaphosphate and polyphosphate (Schnepf, 2008).
Although phosphates are released by natural processes there is an over enrichment in waterways
from both wastewater and fertilizer runoff. The global production of phosphorous containing
fertilizers has increased from <10 million metric tons in the 1950s to approximately 80 million
metric tons in the 1990s, with a projected escalation to 135 million metric tons by 2030 (Smith,
1999; Vitousek, 1997). Following application, fertilizers can enter waterways as runoff,
negatively impacting water quality and leading to eutrophication (Ngatia, 2019). Since
phosphorous is often a limiting nutrient in freshwater habitats, increasing phosphorous levels can
6

lead to an increase in autotroph productivity. An increased growth of algae and aquatic weeds
impacts habitat for aquatic organisms and can interfere with recreational and industrial activities
(Zaneveld, 2016). Anoxic conditions develop from the death and subsequent decomposition of
aquatic algae and vegetation impacting water quality and leading to the death of aquatic
organisms including fish (Carpenter, 1998).
These devastating effects of enriched phosphorous in waterways prompted the formation
of the Great Lakes Water Quality Agreement in 1978, setting limits on phosphorus loadings in
the Great Lakes (DeBruyn, 2004). While the limits have been revised since the initial agreement
the most current guidelines state that total phosphorus levels should be below 30 µg/L to prevent
excessive algal growth (Ontario Ministry,1994). The objective was set to 30 µg/L of
phosphorous as it was based on a balance between economic and environmental needs
determined by aquatic organisms and human consumption (Provincial water quality objective
[PWQO], 2016). Unfortunately, current assessments have indicated that total phosphorus
concentrations exceed the Provincial Water Quality Monitoring network’s (PWQMN) objective
of 30 µg/L within Ontario in 2011 in 91% of sampled areas across the Grand River Watershed
(Loomer and Cooke, 2011). With 91% of sampled areas above the PWQMN’s objective, it is
crucial to understand how these environmentally relevant concentrations may be affecting other
aspects of wetland ecosystems, which are not considered in the objectives for nutrients that are
set.

Importance of Arbuscular Mycorrhizal Fungi
Arbuscular mycorrhizal fungi (AMF) are symbiotic fungi that form associations with
over 80% of vascular plants and contribute to nutrient and water acquisition in exchange for
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photosynthetic products (Bolan, 1991). AMF provide additional surface area for the root to
acquire essential macro and micronutrients from the substrate (Bohrer, 2004) and plant
productivity is directly affected by increased nutrient status provided by AMF (Smith 2011).
Since the fungus is able to extend beyond the zone of depletion surrounding the root, they
acquire mineral nutrients in areas not readily accessible to the plant (Walder, 2012). While
phosphorus is a crucial nutrient for plant growth, it is one of the most difficult nutrients for plants
to acquire from soil. AMF provide the plant with increased phosphorous uptake (Smith, 2011).
For example, in a microcosm study Plantago lanceolata, grown with AMF, were able to take up
3x the amount of phosphorus compared to uninoculated plants (Hodge, 2001). AMF do drain
carbon from their hosts and cost-benefit analysis have shown benefits to maintaining AMF are
highest when phosphorous availability is lowest and diminish with increasing P supply (AlKarakis, 2006).
The main constituents of mycorrhizae are hyphae, arbuscules and vesicles (Figure 1). The
hyphae are threadlike extensions of the fungi and extend both inside and outside of the plant
root. External hyphae have smaller diameters than roots and thus can attain access to nutrients,
primarily nitrogen and phosphorus, in areas not readily accessible to the plant. Colonization of
the host root begins with the formation of hyphopodia at the point of contact between the fungus
and the host root. This is followed by an initial penetration of hyphae into the plant roots
(Bonfante and Genre, 2010). Once inside the root, the hyphae grow intracellularly and
intercellularly. Intracellularly, they intricately branch forming arbuscules with terminal branches
less then 1µm in diameter (Abbott, 1991). Internal hyphae grow within the plant root and
transport nutrients throughout the plant. For example, when the hyphae take up P it is
translocated from the external to the internal hyphae and ultimately to arbuscules where the
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exchange of photosynthates for nutrients occurs (Bonfante and Genre, 2010; Rich et al., 2017).
The last main feature of AMF are vesicles. These are terminal, ovate structures, thought to be
important with respect to lipid storage (Gerdemann, 1968) and act as potential propagules
(Abbott, 1991).
While the degree to which AMF influence plant community structure is not without
question (Zoebel, 2014), several studies indicate a significant role of AMF in determining plant
community structure. Hartnett and Wilson (1999), show this relationship with a 5-year study on
several species of tall prairie grasses. During the study mycorrhizal colonization was suppressed.
The results of this study showed that different dominant floristic compositions and diversity of
grasslands began to appear. Additionally, a study on rare and invasive plants show the
importance of soil communities to regulate plant community structure; Klironomos (2002) found
that rare plants when put in ‘home’ soil that has an accumulation of pathogens, decreased in
growth, whereas invasive species benefited from interactions with AMF. These results indicate
changing the soil communities can alter the diversity of plant communities present. Additionally,
Van der Heijden (1998) completed a microcosm study with calcareous grasses grown with lowAMF diversity and high-AMF diversity. The high-AMF treatment increased plant biodiversity,
nutrient capture and productivity in the microcosms. Given the potential role of AMF in
structuring plant communities and given the role of vegetation in provisioning of valued
ecosystem services, it is crucial to understand the factors that influence mycorrhizal status.
Historically, wetland plants were not thought to form AMF associations, however the
presence of mycorrhizal colonization in wetland environments has become well established
(Bauer, 2003; Stevens, et al. 2010; Weishampel, 2006). In fact, members of the Cyperaceae, a
wetland plant family long thought to not associate with AMF, have been shown to form AMF
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associations under a range of conditions (Thornmann, 1999). In a study completed in southern
Alberta, Thornmann et al. (1999), found AMF colonization in Cyperaceae from 8 out of 10
wetlands sampled. Wetland plants grow and take root in soils that are anoxic for at least part of
the growing season. Since AM are aerobic these conditions would not support them. However,
the surrounding rhizosphere may remain oxygenated due to the presence of aerenchyma in plant
tissue and radial oxygen loss (Smirnoff, 1983). This oxygenation of soil immediately
surrounding the root system allows wetland plants to sustain mycorrhizal fungi under flooded
conditions (Gaberščik, 2017).
The degree of AMF colonization is dependent on a multitude of factors including
availability of nutrients, water quality, length of water saturation and oxygenation (Miller, 1999;
Stevens and Peterson, 2007). Nutrient availability is typically inversely proportional to AMF
colonization. Cavagnaro (2006) found a significant reduction in AMF colonization when the soil
contained relatively high concentrations of nitrogen. Not only did this affect AMF colonization
but also because of AMF reduction it reduced the amount of soil aggregation. Water availability
also affects mycorrhizal associations. Stevens and Peterson (1996), found a reduction of AMF
colonization in Lythrum salicaria along a gradient of increasing water availability. However,
while colonization in the flooded treatments was significantly lower than the dry and
intermediate sites, low levels of colonization were retained in the flooded sites (Stevens and
Peterson, 2007). Further evidence that water saturation does not prevent AMF retention is shown
by Miller (1999). A study on semi-aquatic grasses found that AMF colonization remained
consistent for >1 year under both dry and saturated environments, however, the presence of
surface water did affect the ability of mycorrhizal propagules to survive in the soil (Miller,
1999). Given the influence that AMF has on plant community composition in terrestrial
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environments, and the relatively few studies that have occurred in wetland environments there is
a need to examine the potentially important relationship among AMF, wetland plants and
wetland plant community composition (Thormann, et al. 1999; Stevens and Wall, 2011).

Phosphorus Effects on Mycorrhizal Colonization and Growth of Wetland Plants
In phosphorus limited soils, a zone of depletion develops around a root system following
phosphorus uptake due to low rates of phosphorus diffusion (10-12 to 10-15 m2s-1; Schachtman,
1998). With the introduction of mycorrhizae, the plant is able to explore a larger volume of soil
and acquire more phosphorus then with merely a simple root system since the mycorrhizal
hyphae extend past the zone of depletion thereby accessing nutrients not available to the plant
(Smith and Read, 2010). Phosphorus is absorbed by the hyphae in one of three ways: root
interception, mass flow or diffusion (Bolan, 1991). Root interception occurs when the root
comes in direct contact with the nutrient. Mass flow (convective movement) occurs when
nutrients are brought to the root through the flow of water. Lastly, diffusion is the movement of
the nutrient to the root along a concentration gradient from high to low (Bolan 1991). AMF have
been reported from numerous studies to mobilize nitrogen, phosphorus, potassium, calcium,
sulfur, iron, manganese, copper and zinc but they primarily are known for their uptake and
translocation of the immobile elements: phosphorus, copper and zinc (Hayman, 1982; Ojala,
1983; Tinker and Gildon, 1983).
In terrestrial environments, mycorrhizal colonization depends on plant species as well as
phosphorous concentration in the substrate. Hamel, et al. (1994), found that high concentrations
of soil phosphorus can reduce the populations of many species of AMF in the soil over time. In
this study, 13 species (Glomus, Scutellospora and Gigaspora) of fungi were extracted from a
11

Barley cropping site where some of the fungal species populations were affected by phosphorus
concentrations. Gosling (2013) found that the diversity of AM communities was reduced at
concentrations of phosphorus as low as > 25 mg l-1 particularly in Zea mays and Glycine max.
This study utilized terminal restriction fragment length polymorphism of 18S rDNA and cloning
to asses diversity of AMF colonization in Zea mays, Glycine max and Viola arvensis. The
percentage of AMF colonization at high levels of phosphorus decreased in plants but was not
significant except in maize. Additionally, Treseder (2004) used meta-analyses across
independent field-based studies. The summation of the terrestrial field studies showed that under
phosphorus fertilization, mycorrhizal abundance decreased by 32% and varied significantly
among which plants were being investigated.
Root-shoot ratio, shoot morphology and root morphology are altered and adapt to the
environmental conditions that a plant is exposed to (Hetrick, 1991). Root-shoot ratios offer an
understanding of carbon allocation and plant investment of photosynthates between belowground
and aboveground structures (Mokany et al., 2005; Titlyanova et al., 1999). An Ontario study
using soil from the Great Lakes exposed Acer saccharum and Pinus resinosa to differing nutrient
regimes (Noyce et al., 2017). The results of this study showed a reduction in root/shoot ratios
with increased nutrient amendments. In another study where major crop species (Zea mays,
Triticum aesivum, Brassica napus, Lupinus albus, Glycine max, Vicia faba and Cicer arietinum)
were exposed to low and high phosphorus treatments, Zea mays and Triticum aestivum, had
increased root/shoot biomass ratios in phosphorus limiting treatments compared to the legume
species (Lyu et al., 2016). The results of this study suggest differing root morphology and
species-specific differences in allocation of resources.
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Previous Studies Investigating Phosphorous in Controlled Wetland Environments
The relationship between phosphorous and plant growth has been comprehensively
investigated in terrestrial environments (Abbott et al. 1984, Divito 2014, Bolan 1991). However,
in inundated environments there is still considerable need to investigate this relationship. Prior
studies have focused mainly on the relationship that mycorrhizae have with phosphorus
availability (Figure 2) (Tang et al., 2001; White and Charvat, 1999; Stevens et al., 2002;
Marshall, 2017). A study completed on an emergent aquatic species Lythrum salicaria, found
that AMF failed to colonize roots at phosphorus levels higher than 1000 µg PO4/L (White and
Charvat, 1999). This study was important as it shows the decrease in AMF’s ability to colonize
at high levels of phosphorus. However, the method of phosphorus exposure limits the results of
the study. The methodology used in this experiment was a static non-renewal technique where
phosphorus was administered once at the beginning of the experiment. Although initially high,
the phosphorus concentrations in the soil would decrease throughout the experiment due to plant
uptake. In wetlands downstream of urban and rural activities, phosphorus exposure is often more
constant and not as high in concentration as used in this system.
In a similar experiment using Typha angustifolia, an inverse relationship was found
between phosphorus availability and AMF colonization (Tang, et al., 2001). Under controlled
conditions Typha angustifola was grown in four differing phosphorus concentrations (950, 9500,
950000 and 4750000 µg/L P) and with 2 inoculation densities of AMF using a static non-renewal
approach. This study found a reduction in AMF colonization at phosphorus levels between 9509500 µg/L P. Although this study also limited the delivery of phosphorus to the system, a more
definitive phosphorus range was found to affect AMF colonization.
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In a subsequent study, Stevens et al. (2002) confirmed an inverse relationship between
AMF colonization and phosphorus availability in Lythrum salicaria plants grown in inundated
conditions and noted a contribution of AMF to plant performance. Lythrum salicaria plants were
grown under a range of phosphorus availabilities (0-40 mg/l P) and assessed for AM colonization
as well as effects on plant growth. They found that inoculated plants exhibited reduced
colonization at phosphorus levels as low as 5mg/l PO4-P (Stevens, et al., 2002). Similar to
previous studies this study was completed in a controlled environment; however, they
administered their phosphorus with a static renewal method where phosphorus was added to the
water supply every 2 days to maintain the desired concentrations of phosphorus. Using this
approach Stevens et al (2002) found effects at lower concentrations than had previously been
reported. However, the frequency of phosphorus replenishment still did not reflect conditions
plants may experience under realistic exposure scenarios and remained at a high concentration in
terms of PWQMN data.

In a recent study completed by Marshall (2017), a constant renewal technique was used
where phosphorus was administered by a flow through pump and that administered nutrients at a
consistent rate, unlike other previous studies (Figure 3). Phosphorous was administered at 4
levels: 10, 30, 644 and 7000 µg/L of PO4-P to 6 species of wetland plants (Solidago canadensis,
Eupatorium perforliatum, Echinochloa crus-galli, Verbena hastata, Phalaris arundinacea, and
Epilobium parviflorum). The plants were planted in commercially purchased inoculum and
growth medium where species specific results were detected. Solidago canadensis, Eupatorium
perforliatum and Echinochloa crus-galli, all had a decrease in mycorrhizal colonization with an
increase in phosphorus supply. By contrast, in Verbena hastata, Phalaris arundinacea, and
Epilobium parviflorum there was no decrease in mycorrhizal colonization with an increase in
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phosphorus supply. The findings found reductions in AMF colonization at phosphorus
concentrations as low as 30 µg/L of PO4-P. These greenhouse results are leading-edge since the
provincial targets remain to be at or below 30 µg/L P. If effects were seen at this concentration of
phosphorus, then the AMF-plant symbiosis may also be altered in a natural environment and be
affecting plant community structure. At this point there is considerable need to determine if this
relationship is also occurring in a natural environmental setting and if the same results would be
obtained with the use of natural intact soil cores.

Purpose of Thesis
Given the importance of AMF in structuring plant communities and in providing
ecosystem services, the potential for phosphorus loadings to affect AMF colonization is very
important to assess on vegetation in wetland habitats. The potential for phosphorus, at levels
currently seen in our waterways, to impact AMF associations is currently unknown; therefore the
question I will explore is, is there evidence for reduction in AMF colonization in wetland plants
exposed to commonly occurring levels of phosphorus in the Grand River Watershed? To
understand these impacts I have asked the following specific questions:
1. Is there a reduction in AMF colonization and a change in plant morphology as a result of
increased phosphorus availability in plants grown in soils obtained from a natural wetland
habitat? While previous studies (Tang et al., 2001; White and Charvat, 1999; Stevens et
al., 2002; Marshall, 2017) both in terrestrial and controlled environments found an
inverse relationship between phosphorus and AMF colonization they utilized commercial
AMF inoculum and/or growth medium. The commercial inoculum may include AMF
species not found naturally occurring in wetland habitats and the commercially obtained
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growth media would not contain the diversity of microbes and fungi found in natural
wetland soils that may or may not, impact the results. Consequently, it is not known if the
results of previous studies would be seen when using local AMF inoculum and natural
soils obtained from a wetland area. Using locally obtained intact soils cores, cores
retained soil structure and contained naturally occurring microbial and AMF populations
providing more realistic growth conditions than those utilized in previous studies.
Additionally, this study will utilize a continuous flow through system for phosphorus
exposure that eliminates the fluctuations in phosphorus availability associated with static
non-renewal or static renewal approaches (Figure 3).

2. Do the concentrations of phosphorus that wetland plants are exposed to in the upper
Grand River watershed lead to reductions in AMF colonization and changes in plant
morphology? To address this question, field deployable assays (FDAs) were placed at
locations differing in phosphorus concentrations, as established by the Provincial Water
Quality Monitoring Network. The field deployable assay was developed to understand
plant responses to waterborne contaminants (Figure 4; Stevens, 2016). Historically, labbased approaches have proven to be cumbersome and do not represent realistic exposure
conditions while field-based approaches are limited by site heterogeneity and availability
of suitable plant material. The FDA has the capacity to monitor and quantify success of
remediation efforts and assess environmental impacts of industrial, agricultural and
municipal activity. The system has the capability of quantifying sensitive
morphological/developmental endpoints of all plant functional types. The FDA can also
be used as an early alert system that triggers more extensive environmental assessments
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while negating external variables. Within the FDAs standardized soil and plants are
inserted and grown under field conditions to assess effects of phosphorus on mycorrhizal
colonization and plant performance.
Both studies utilized three plant species Veronica anagallis-aquatica, Phalaris aruninacea and
Echinochloa muricata to determine if plants exhibit species specific responses to phosphorus
availability. While this has been shown in previous studies Tang et al. (2001), Stevens et al.
(2002) and Marshall (2017) it has not been shown under the more realistic growth and exposure
conditions that are proposed in this study.

Hypothesis
I hypothesize that wetland plant species exposed to concentrations of phosphorous higher
than the environmental objective, 0.03 mg/L P, will have significant reductions in arbuscular
mycorrhizal colonization and reduced root length, weight and surface area in an inundated
environment. Overall, my study builds off of past studies, improving upon past methodological
constraints, controlling for environmental effects and utilizing natural bacterial and mycorrhizal
communities found in intact soil cores.

Materials and Methods

17

Study Organisms
For the field and greenhouse studies three study organisms were chosen: Phalaris
arundinacea, Veronica anagallis-aquatica and Echinochloa muricata. The three species occur
throughout the Grand River watershed and the seeds used in the field and greenhouse studies
were collected along the Grand River. Phalaris arundinacea L. (reed canary grass) is classified
as a facultative wetland plant in the Poaceae family (Figure 5; USDA, 2019)). Although this a
native grass to North America some populations are considered invasive. Phalaris spp. is a tall,
reed like grass that has variable and weedy tendencies (LSA, 2019). It is classified as a
hydrophyte and forms AMF associations (Matthews, 2010). Veronica anagallis-aquatica L.
(water speedwell) is in the Scrophulariaceae family (Figure 5). It is a species native to North
America and is classified as an obligate wetland plant (USDA, 2019). Veronica spp. grows in
wet sandy or muddy shores and ditches, on riverbanks (LSA, 2019; Clapham et al., 1987).
Veronica spp. forms symbiotic relationships with AMF (Clairmont, 2018). Echinochloa
muricata P. Beauv (rough barnyard grass) is an annual plant in the Poaceae family (Figure 5).
This plant is native to North America and found often in moist, disturbed sites. Echinochloa spp.
(USDA, 2019). It is classified as an obligate wetland plant (USDA, 2019). This species forms
associations with AMF (Clapham et al., 1987).

Greenhouse Study
The goal of the greenhouse study was to assess the effects of phosphorous availability on
mycorrhizal colonization and plant growth using native vegetation and intact soil cores
containing naturally occurring mycorrhizal and microbial communities. Intact soil cores were
obtained from a high-quality site (i.e. low nutrient site) downstream of Bellwood Lake
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(43o43’29” N, 80o20’38” W). Cores were taken with a 3 x3 inch soil corer (Halltech
Environmental Inc., Guelph, Ontario) into which 3x3 inch liners were fitted (Halltech
Environmental Inc., Guelph, Ontario). The corer and liner were inserted into the soil, the core
extracted, and the liner containing the intact soil core was capped on both ends. Cores were
stored, maintaining original orientation, at 4oC in a refrigerator until introduced into the
greenhouse experiment. A flow-through exposure system was used at the Center for Cold
Regions and Water Science, Environmental Greenhouse at Wilfrid Laurier University, Waterloo,
Ontario. Exposure solutions (0.01, 0.03 and 0.644 ug/L P) were mixed with 1/64 strength Long
Ashton nutrient solution. This concentration of nutrients resulted in phosphorous levels
comparable to the Grand River Watershed, Ontario (Ref.). Solutions were stored in 12 KIS Clear
Shoebox buckets, 6L (Canadian Tire, 400 Weber St N, Waterloo, Ontario) and flowed at a rate of
2.5mL/minute with a turnover rate within the tray of once every 48 hours to draining potting
trays (54x28x6cm). Four channels of the pump were utilized for each treatment. All trays,
buckets, as well as the peristaltic pump, were covered in a fitted plastic cover and light
impenetrable fabric to prevent algal growth. To ensure target nutrient concentrations were
obtained within the samples, water samples were taken every two days during the acclimation
period and continued for the duration of the experiment.
Nutrient Analysis of the water collected was analyzed within 48hrs of collection. Water
samples were taken from the trays and stored in FalconTM 50 mL Conical Centrifuge Tubes
(Fisher Scientific Company, 112 Colonnade Road, Ottawa, Ontario). They were then analyzed
from the trays two weeks prior to inserting the soil cores. After a two-week acclimation period
where the nutrient readings ran consistently within 10% of the target concentrations, soil cores
were added to the system. The soil cores were placed 1.5 inches apart and the space between
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cores was covered by light impenetrable material. To prevent loss of soil from the cores, the
bottoms of the soil cores were tied with plastic mesh with 10mm holes. An additional two weeks
of acclimation and nutrient analysis occurred as the soil cores added an influx of P to the system
until consistent phosphorous readings were within 10% of the desired concentrations. Reactive
and total phosphorus levels were obtained by using the Ascorbic Acid Method, with one
modification, via Method 10209 Ultra Low Range Reactive Phosphorus (0.010-0.500 mg/L PO4P) with TNTplusTM 843 Reagent Set (HACH Sales & Service Canada Ltd. 3020 Gore Road,
London, Ontario). For the preparation of the total phosphorus vials, an oven (Thermo Scientific
Lindberg Blue M) was used to heat samples at 100oC for 1hr. All samples were transferred from
their initial container to TNTplusTM 843 vials with the use of micropipette. Nitrate levels were
attained using the cadmium reduction method, method 8039 using powder pillows (HACH Sales
& Service Canada Ltd. 3020 Gore Road, London, Ontario). To determine the nitrite levels in the
water samples the ferrous sulfate method, method 8153 using powder pillows (HACH Sales &
Service Canada Ltd. 3020 Gore Road, London, Ontario). Potassium in the water samples was
tested using the tetraphenylborate method, method 8049 using powder pillows (HACH Sales &
Service Canada Ltd. 3020 Gore Road, London, Ontario). All of the nutrients analyzed were
quantified using a DR3900 Benchtop Spectrophotometer at 880 nm (HACH Sales & Service
Canada Ltd. 3020 Gore Road, London, ON, N5V 4V7). To verify the accuracy of the procedures
the following standards were used: phosphate standard solution (1mg/L as PO43-), nitrate
nitrogen standard solution (10.0 mg/L NO3 –N), NO2- standard solution, potassium standard
solution.
The three-plant species were germinated separately in the greenhouse on WhatmanTM
Qualitative Grade 1 Circular Filter Paper in FisherbrandTM Petri Dishes (Fisher Scientific
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Company, 112 Colonnade Road, Ottawa, Ontario). The seeds were grown under a 16/8 lightdark cycle with a temperature of 24-28oC for four days and moistened with DI water.
Immediately following radicle emergence, seedlings were transplanted to the cores. Seedlings
were transplanted to the soil cores with 4 seedlings to each core and 4 cores of each species were
placed in each of the 12 trays). To prevent algal growth, once the plant was 1cm high, light
impenetrable material (black out fabric) was cut and covered the remainder of the core except for
where the seedlings grew. Plants were maintained under greenhouse conditions (16/8 light-dark
cycle and temperature 24-300C) for 30 days.
To harvest plants, cores were removed from the sleeves and the root systems were gently
freed from their containers with deionized water then gently blotted between paper towels to
remove excess water. The shoots and roots were separated with a FisherbrandTM Razor Blade
(Fisher Scientific Company, 112 Colonnade Road, Ottawa, Ontario) and weighed separately on a
Mettler Toledo NewClassic MF top loading balance (Cole-Parmer Canada Company, 210-5101
Buchan St, Montreal, Quebec). Plants were then stored in FalconTM 50 mL Conical Centrifuge
Tubes (Fisher Scientific Company, 112 Colonnade Road, Ottawa, Ontario) in a solution of 50%
ethanol.
To quantify shoot and root growth the entire shoot and root system were scanned using
the Hewlett Packard ScanJet 4C/T scanner and then analyzed using WinRhizo software (Regent
Instruments. Quebec City, Quebec). To visualize mycorrhizal structures, clearing and staining
was completed under a vacuum to remove air in the aerenchyma. For clearing, the roots were
immersed in 10% potassium hydroxide within individual FalconTM 50mL Conical Centrifuge
Tubes (Fisher Scientific Company, 112 Colonnade Road, Ottawa, Ontario). The samples were
cleared in this solution for 90 min at 95oC at 25 in HG in the vacuum oven (Thermo Scientific
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Lindberg Blue M). The solution was decanted, and the roots were rinsed for 3 minutes with 10%
acetic acid. The samples were again put into the vacuum oven for 90 minutes at 95oC at 25inHG
in a solution of 5% Sheaffer Skrip Black Ink (Sheaffer Slovakia s.r.o, Priemyselna 1, 926 01
Sered’, Slovak Republic), 5% acetic acid and 90% deionized water (Vierheilig et al., 1998). The
solution was decanted, and the roots were rinsed with 5% acetic acid for 10 minutes. The
solution was decanted, and the roots were left to sit in 50% glycerol for 24 hours to de-stain
(Mcgonigle et al., 1990). Roots were mounted on 75x25x1 mm frosted VWR Microscope Slides
(VWR International) and examined under a Nikon Eclipse E600 Microscope at 200X
magnification (Nikon Instruments Inc. 1300 Walt Whitman Road, Melville, USA). AMF
colonization was quantified using the magnified intersections method and 100 fields of view
(Mcgonigle et al., 1990).

Study Sites
Three sites were chosen for the field study: West Montrose (43°35‘18.7” N 80°28’14.0”
W), Canagagigue creek (43°57’50.19” N 80°49’67.09” W) and Buggy Bridge (43°57’21.43” N
80°48’56.58” W) (Figure 6). All three sites were presumed to differ in water quality and nutrient
abundance. The sites were chosen based on the most recently published water quality report from
the Grand River Conservation Authority that included the nutrient quality index from 2003-2008
and the Provincial (Stream) Water Quality Monitoring Network of Ontario (Loomer, 2011;
PWQMN, 2019) (Table 1). The water quality report evaluated sites based on dissolved oxygen,
pH, conductivity, metal content, suspended solids, dominant ions and chloride. The West
Montrose site is a high-quality site (low levels of nutrients) having low levels of nutrients and
contaminants. West Montrose is located in the township of Woolwich in Ontario, Canada. This
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site had an average total phosphorus level of 0.05 mg/L from 2000-2016 (PWQMN, 2019). The
other nutrient levels remained consistent throughout the years and were comparable to the
Canagagigue Creek station readings. At this site the FDAs were planted near residential
properties with farmland on the opposite site.
Canagagigue creek as a low-quality site having high levels of nutrients and contaminants
(Loomer 2011). Canagagigue Creek is located in the township of Woolwich in Ontario, Canada.
This site is surrounded by agricultural land and is downstream of a wastewater treatment facility.
This site had an average total phosphorus level of 0.22mg/L from 2000-2016 (PWQMN, 2019).
Buggy Bridge is a site presumed to be of intermediate water quality. This site is
downstream of the confluence of the Grand River and Canagigiue, Creek. The area is surrounded
by agricultural farmland on either side of the river and has not been previously monitored for
water quality. All three of the sites face the East and should ideally be exposed to the same
amount of light throughout the experiment.

Field Sampling Plan
The field deployable assay was developed to understand plant responses to waterborne
contaminants (Figure 4). Historically, lab-based approaches have proven to be cumbersome and
do not represent realistic exposure conditions while field-based approaches are limited by site
homogeneity and availability of suitable plant material. The FDA has the capacity to monitor
and quantify success of remediation efforts and present environmental impacts of industrial,
agricultural and municipal activity. The system has the capability of picking up sensitive
morphological/developmental endpoints of all plant functional types. The FDA is also an early
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alert system that triggers more extensive environmental assessments while negating external
variables.
To standardize soil within the FDAs, riverbank soil for the field experiment was collected
on May 22, 2018 from West Montrose (43°35‘18.7” N 80°28’14.0” W) and stored at 4oC until
transferred to the FDA containers. Prior to filling, the individual FDAs were sterilized in an acid
bath (5% nitric acid for 24hrs) followed by rinsing with deionized water. Nepheline Syenite sand
(Beechmount Pool Services Inc. Kitchener, Ontario) was autoclaved for 180 minutes at 121oC
and 1L of sterilized sand was inserted in the bottom portion of the FDA. To rid the soil of large
vegetation pieces and increase mycorrhizal concentration the soil from West Montrose field
collected soil was sifted with 90 µm, 300 µm, 1 mm and 4 mm U.S.A Standard Test Sieves
(Fisher Scientific Company, 112 Colonnade Road, Ottawa, Ontario). Soil collected on the 90300 µm sieves was kept and 200 g of this soil was deposited on the upper 10 cm portion of the
FDAs. Although soils were expected to contain AMF spores additional AMF inoculum was
prepared by homogenizing various colonized roots collected from West Montrose site, in a
blender. 4mL of the homogenized roots was mixed thoroughly with the upper soil portion within
the FDA. On May 27, 2018, 15 FDAs deployed at each site (West Montrose, Canagagigue Creek
and Buggy Bridge) with 5 replicates for each of the three species, totaling 45 FDAs altogether.
The FDAs were randomly positioned along a 5m transect and inserted into the soil (Figure 7).
Seeds were germinated separately in FisherbrandTM Petri Dishes on WhatmanTM Qualitative
Grade 1 Circular Filter Paper (Fisher Scientific Company, 112 Colonnade Road, Ottawa,
Ontario) under greenhouse conditions (16/8 light-dark cycle with a temperature of 24-28oC).
Within the FDAs 5 germinated seedlings that had the radicle emerging were inserted in the FDA
and left to grow for 6 weeks. To determine if environmental conditions were consistent at each
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site a HOBO Pendant Temperature/Light 64K Data Logger (Hoskin Scientific, 3735 Myrtle
Street, Burnaby, British Columbia) was attached to an empty FDA. The empty FDA also
provided a place for pore water to collect and be extracted for nutrient analysis. Every two days,
at each of the sites the following three factors were quantified using a YSI Professional Plus
Multi Parameter Instrument (YSI 1700/1725 Brannum Lane, Yellow Springs, USA) with
attached Professional Plus Quatro Field Cable: pH, conductivity and dissolved oxygen. Prior to
use of the YSI Professional Plus Multi Parameter Instrument, calibration of the equipment using
recommended procedures was completed. Twice a week, river water and water within the FDAs
were tested by taking water, stored in sterilized FalconTM 50 mL Conical Centrifuge Tubes
(Fisher Scientific Company, 112 Colonnade Road, Ottawa, Ontario) back to the lab and
analyzing for reactive phosphorous, total phosphorus, nitrite, nitrate and potassium, within 48hrs
of collection.

Data Analysis
To determine if there was a relationship between plant performance and phosphorous
concentration for the greenhouse study, a two-way analysis of variance (ANOVA) was
performed using plant data: shoot length, shoot weight, shoot surface area, root length, root
weight, root surface area and arbuscular mycorrhizal fungal colonization. Because there were 3replicate trays for each treatment level of P availability and each tray contained 3 replicates of
each plant species, a random effect entitled “tray” was included in the model statement.
Following an ANOVA, a student’s t-test was completed to understand the relationship between
the parameters. To meet assumptions of normality and equal variance for the greenhouse study,
vesicular and arbuscular mycorrhizal percentage was transformed with the square root function.
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Hyphal percentage, root-shoot ratio, shoot and root length, weight and surface area did not
require any transformations.
To determine if there was a relationship between plant performance and phosphorous
concentration for the field study, a two-way analysis of variance was performed as described
above, for the greenhouse study. To meet assumptions of normality and equal variance in the
field study, hyphal and vesicular colonization, root length, shoot surface area, root surface area
and shoot weight were transformed with the square root function. Root weight was transformed
via a log function. Fixed factors included phosphorous, plant species and an interaction term
between P and plant species. All ANOVA statistical analyses were performed using JMP
statistical software 11.0. In the results the graphs/means that are presented are of the raw data,
regardless of transformations ±one standard error.
To assess relationships between water quality and plant performance a principal
component analysis (PCA) was performed with the field data. This was completed on the scaled
nutrient variables using the vegan package (Version 2.5-4; Oksanen, 2008) in R (Version 3.4.1 R
Core Team, 2017). To predict the number of principle components used for the PCA analysis,
the Kaiser-Guttman model was used. After this, site and nutrients were set as fixed factors and
the two PC scores extracted from the PCA were set as the dependent variables. To determine the
proportion of variance seen in the variables for the PCA, a Kaiser-Meyer-Olkin measure of
sampling adequacy was completed on the data. Following this test, Bartlett’s test of sphericity
was completed on the variables to test the hypothesis that the correlation matrix is an identity
matrix and therefore would indicate that the variables were unrelated and suitable for PCA
analysis. In the results the graphs/means that are presented are of the raw data, regardless of
transformations ±one standard error.
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Results
Results of Greenhouse Study
Mycorrhizal colonization was found in all plants at all levels of phosphorus availability
(Figures 8-10). There was a significant reduction in all aspects of mycorrhizal colonization in
plants exposed to increased phosphorus concentrations, however, the effects differed among
species (Table 2). While arbuscular colonization was significantly lower in the 644 ug/l
treatment compared to the 10 and 30 ug/l treatments in P. arundinacea, colonization was
significantly reduced with each increase in phosphorus availability in E. muricata and
significantly lower in the 30 and 644 ug/l treatments compared to the 10 ug/l treatment in V.
anagallis-aquatica (Figure 8). Hyphal colonization was significantly lower in P. arundinceae
plants exposed to 644 ug/l compared to the 10 and 30 ug/l treatments while there was a
significant reduction in colonization with each increase in phosphorus availability for E.
muricata and V. anagallis-aquatica (Figure 9). Vesicular colonization was significantly lower in
plants exposed to 644 ug/l levels of phosphorus availability compared to the 10 and 30 ug/l
treatments for P arundinaceae and E. muricata but was significantly lower in plants grow at 30
and 644 ug/l compared to the 10 ug/l treatment for V. anagallis-aquatica (Figure 10). There
were no detectable effects of phosphorus availability on root weight, root or shoot surface area,
however, shoot weight differed among species (Table 2; Figure 17, 18, 19, 20, 21, 22).

Results of Field Study
In order to determine the water quality at each of the three sites water samples were
analyzed from the river within a meter of the riverbank (open water) and within the empty FDA
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(pore water) at each site. Within the open water, water was sampled and analyzed 11 times from
June 19, 2018-July 24, 2018 (Table 3). Throughout the study reactive phosphorus levels were
consistently lower at West Montrose with an average P level of 3.273 ± 1.3 ug/L PO4-P.
Canagagigue creek and the intermediate site, Buggy Bridge had similar reactive phosphorous
levels at 10.091 ± 13 and 10.91 ± 18.8 ug/L PO4-P respectively. Apart from reactive and total
phosphorus and potassium, the other water quality parameters remained similar from site to site.
The pore water results differed compared to those found within the open water analysis
(Table 3, 4). Overall, high concentrations of total and reactive phosphorus were found at
Canagagigue creek and Buggy Bridge and low concentrations of total and reactive phosphorus at
West Montrose. West Montrose remained consistent and was lower in total phosphorus
compared to the other two sites: 55.818 ± 2.9 µg/L PO4-P with a minimum/maximum of 6/16.
Canagagigue Creek and Buggy Bridge had variable reactive phosphorus readings that trended
higher than West Montrose: 30.182 ± 16.9 and 28.091 ± 28.8 µg/L PO4-P with a
minimum/maximum value of 9/57 and 12/113 respectively. The largest difference in water
quality parameters between open and pore water, the water the plant is readily exposed to, is total
and reactive phosphorus, ammonia and dissolved oxygen (Table 3, 4). Throughout the
experiment ammonia and dissolved oxygen had variable readings. At West Montrose ammonia
averaged 0.046 ± 0.08 mg/L NH3 and dissolved oxygen averaged at 5.712 ± 3.6 mg/L with a
minimum/maximum value of 0/0.33 and 2.06/10.84 respectively. Canagagigue Creek and
Buggy Bridge had ammonia (0.0836 ± 0.06 and 0.131 ± 0.13 mg/L NH3) and dissolved oxygen
readings (2.993 ± 2.3 and 4.336 ± 3.9 mg/L) that were elevated compared to West Montrose.
The effects of reactive phosphorus on plant growth on the three wetland species studied,
(Phalaris arundinacea, Veronica anagallis-aquatica and Echinochloa muricata) was assessed
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with a two-way analysis of variance (Table 5). Shoot length, shoot weight and shoot surface area
differed among species but was not significantly affected by location or a species by location
interaction (Table 5; Figures 17-19). Shoot length, weight and surface area were significantly
greater for E. muricata compared to P. arundinacea and V. anagallis-aquatica; there were no
significant differences in these responses between P. arundinacea and V. anagallis-aquatica.
Root length, surface area and weight differed among species and locations (Table 5; Figures 2022). Root length differed between sites. At West Montrose there was an average of 25.7 ±0.38
cm of root while Buggy bridge and Canagagigue Creek had average root lengths of 6.4 ± 7.2 cm
and 7.9 ± 7.2 cm, respectively. Root length also differed between species, E. muricata on
average had a mean root length of 20.57 ± 0.4 cm compared to P. arundinacea (9.04 ±0.51 cm)
and V. anagallis-aquatica (8.3 ±0.88 cm). There were no significant differences in root length
between P. arundinacea and V. anagallis-aquatica. Similarly, E. muricata had more surface area
(average 4.68 ± 0.162 cm3) on the root and weighed (average 0.077 ± 0.15 g) more at West
Montrose than Canagagigue Creek (average surface area of 1.21 ± 0.31 cm3 and root weight of
0.026 ± 0.3 g) and Buggy Bridge (average surface area of 1.36 ± 0.31 cm3 and root weight of
0.02 ± 0.3 g).
While hyphal, and vesicular colonization differed among sites there was no significant
species effect and only arbuscular colonization showed a significant interaction effect (Figure
23). For hyphal colonization West Montrose (average percent colonization of 6.6 ± 0.3) differed
significantly from Canagagigue Creek (average percent colonization of 0.34 ± 0.6, however
Buggy Bridge (average percent colonization of 1.7 ± 0.6) did not significantly differ from either
of the other sites. West Montrose (average percent colonization of 30.2 ± 0.47) remained the
highest percentage for hyphal colonization as well. Buggy bridge (average percent colonization
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of 5.9 ± 0.9) and Canagagigue Creek (average percent colonization of 0.7 ± 0.9) did not
significantly differ in hyphal colonization.
A principle components analysis was completed along PC1 and PC2 and then PC3 and
PC4 with both the open and pore water samples taken 11 times from June 19, 2018-July 24,
2018. For this analysis 4 axes explained the variability of the environmental variables using the
Kaiser-Guttman model and the Kaiser-Meyer-Olkin measure of sampling adequacy as well as
Bartlett’s Test for pore water (Figure 11; Table 7). The analysis of pore water shows ellipses
representing the three sites using 95% confidence intervals (Figure 12, 2.5). Canagagigue Creek
is shown to overlap with Buggy Bridge using PC1 and PC2, as they are not significantly
different from one another. However, West Montrose is completely separated from Canagagigue
Creek. West Montrose and Buggy Bridge partially overlap and are not significantly different
from one another. The main variables that separate West Montrose from the other two sites are
reactive phosphorus, total phosphorus and Ammonia. The analysis of pore water using PC3 and
PC4 showed ellipses representing the three sites using 95% confidence intervals (Figure 13).
Similar to Figure 12, West Montrose is separated from Canagagigue creek but overlapping with
Buggy Bridge. Nitrate, potassium and total phosphorus was largely correlated with PCA axis 3
and 4 contributing to the separation of sites. For the analysis in open water, 4 axes explained the
variability of the environmental variables using the Kaiser-Guttman model and the KaiserMeyer-Olkin measure of sampling adequacy as well as Bartlett’s Test (Figure 14; Table 6). This
analysis of open water shows ellipses representing the three sites and are shown using 95%
confidence intervals (Figure 15, 16). The open water mainly separated West Montrose from the
other two sites with the concentrations of nitrate, total and reactive phosphorus as well as
potassium associated with PCA axis 3 and 4.
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Discussion
Using intact soil cores that contain natural soil layers and levels of soil compaction
allowed for the roots to experience realistic growing, conditions. The layers provided a level of
friction for the roots and less air pockets than commercialized soil would provide (Mckenzie,
2013). The largest benefit to the soil cores is that the plants utilized in the study had the ability to
form associations with the mycorrhizal partners that they would encounter in a natural
environment. Since commercial potting soils contain few mycorrhizal species and since not all
species of mycorrhizae form associations with all plant species (Piotrowski, 2004), this method
provides a greater likelihood of plants encountering a suitable mycorrhizal partner. The
microbial communities in the cores including viruses, fungi and bacteria that aid in
decomposition, nutrient exchange and resistance to diseases (Roossinck, 2015) provide more
realistic soil conditions. The soil cores were stored in an opaque 4oC environment. The
ramifications of storing them in this environment, has been discussed within the literature
however impacts of this practice on microbial communities is inconclusive (Ross, 1991;
Stenberg et. Al, 1998). In subsequent studies, using the cores immediately after harvesting may
be advantageous.
The nutrient levels utilized in the greenhouse study were based upon levels found within
the Grand River watershed, Ontario (Loomer and Cooke 2011). I found that levels of phosphorus
between 1-30 µg/l P were sufficient to reduce vesicular, hyphal and arbuscular mycorrhizal
colonization (AMF) compared to the controls. This concept of phosphorus having a negative
impact on AMF colonization is supported by a study on Solidago patula where AMF
significantly decreased with increased phosphorus (1.1-10 g/m2) (Cornwell et al., 2001). Effects
on plant community structure were also noted. In the low phosphorus treatments, a more diverse
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plant community was present comprised of mycorrhizal and non-mycorrhizal plants were
present, however, in high phosphorus treatments non-mycorrhizal plants were most prominent.
Additionally, a study completed in karst grasslands examined plant and AMF community
composition, over differing nutrient regimes (Xiao et al., 2019). The results showed that AMF
richness was negatively correlated with available phosphorus; the number of AMF taxa was
greatest under phosphorous limiting conditions. The results of the mycorrhizal data from the
karst grassland study is supported by the uncoupling of the mycorrhizal symbiosis at large
phosphorus loadings.
The greenhouse results also showed that the effect of phosphorus on AM colonization
differed among species. AMF colonization of Phalaris arundinacea did not significantly
decrease until the phosphorus concentrations were higher than 30 µg/l P. However, Veronica
anagallis-aquatica showed a significant reduction in AMF colonization a phosphorus
concentration greater than 10 µg/l P. Differences among species exposed to differing phosphorus
environments may be due to the root morphology. Wen et al. (2019), completed a study on 16
different crop species exposed to differing levels of phosphorus availability. They found that
plants responded differently to the phosphorous treatment. For example, in response to
phosphorous limiting soils, species with thinner roots showed stronger root branching whereas
species with thicker roots exhibited higher AMF colonization and P-mobilizing exudates.
Plant growth was not significantly affected by phosphorous availability in the
greenhouse. The results of this study did not agree with my initial hypothesis of larger shoots and
smaller root systems when exposed to higher phosphorous concentrations. My hypothesis was
based on results from many terrestrial studies that found allocation of plant biomass is
reallocated to the shoots in high phosphorus environments (Duan et al., 2009; Föhse and Jungk,
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1988; Cakmak et al., 1994) as well as the optimal allocation theory (Basirat, 2011; Luo, 2016).
However, in wetland and aquatic environments, when the plants are slightly to fully submerged
in water plants exhibit species-specific growth responses and adjust the biomass allocation
depending on nutrient availability and the degree of submergence (Chen et al., 2010; Chen et al.,
2011). Yan et al. (2015), performed a greenhouse experiment using Carex schmidtii exposed to
different levels of water submergence (0cm, 5cm, 15cm, 25cm). The results of this study showed
that the Carex schmidtii used a strategy known as non-elongation or the quiescence strategy
which is an adaptative strategy to submergence. The utilization of this strategy, although not
shown for the species in my study, may contribute to the lack of detectable reallocation patterns
between shoots and roots in my study (Bailey-Serres and Voesenek, 2010; Chen et al., 2018).
The field study utilized the Provincial (Stream) Water Quality Monitoring Network’s
(PWQMN) nutrient data taken from 2013-2016 in both West Montrose and Canagagigue Creek.
The nutrient values directly obtained between June 19-July 24, 2018 corresponded to these
PWQMN values (Figure A1-A6). Canagagigue creek had an average total phosphorus level of
37.727 ± 30 µg/L PO4-P well above that of the West Montrose site, 9.545 ± 6.4 µg/L PO4-P.
These values are comparable to the three-year averaged values acquired by the PWQMN for
Canagagigue creek 220 µg/L PO4-P and West Montrose 50 µg/L PO4-P. Samples were taken
from the open river and from within the FDA. Examining table 3 and table 4, the water samples
taken from the open water samples were generally much lower in nutrient concentration than the
values obtained from within the FDA. Since the FDA is inserted in the riverbank, where the plant
species are naturally growing, taking water samples from it, is a much more realistic exposure
tool than from the constantly moving river water (Mainstone and Parr, 2002). For example,
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average reactive phosphorous found in West Montrose open water was 3.273 ± 1.3 µg/L PO4-P
whereas within the FDA it was nearly a threefold higher at 10.545 ± 2.9 µg/L PO4-P.
As shown in previous controlled wetland studies completed in the greenhouse, there was
an uncoupling of mycorrhizal symbiosis at phosphorous levels ranging from 1.25-5 mg/L P by
using either a static non-renewal or static renewal exposures (White and Charvat, 1999; Tang et
al., 2001; Stevens et al., 2002). By using a continuous flow through system, it was reported that
species-specific responses of wetland plants were found at levels as low as 0.01-0.03 mg/L P
(Marshall, 2017). In my study, I attempted to see the differences of the mycorrhizal symbiosis
but in a natural environment and aimed to verify if the results shown in the greenhouse were
supported in a natural environment. My findings showed species-specific responses and a
decrease in mycorrhizal associations at phosphorus levels as low as 3.273 ± 1.3 µg/L PO4-P.
In the field study there was a significant effect of location on the percentage of hyphal,
vesicular and arbuscular colonization and this effect was consistent among plant species. The site
with the lowest concentrations of available and total phosphorus, West Montrose had
significantly higher levels mycorrhizal colonization than Canagagigue Creek and Buggy Bridge
each with higher levels of phosphorus availability. Since the FDA controlled for many external
variables (plant age, soil, exclusion of neighboring plant interactions, exclusion of surrounding
soil) it may be inferred that the significant locational effects are based upon the differences in
nutrients, primarily phosphorus. The reduction in mycorrhizal colonization with increasing
phosphorus agree with the results of previous controlled greenhouse studies (Marshall, 2017;
Stevens, et al., 2002, Tang, et al., 2001, White and Charvat, 1999). Low levels of colonization
were likely seen at Canagagigue Creek and Buggy Bridge as the association would not offer
improved phosphorous nutrition to the plant and the plant, to reduce carbon loss to the fungus
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would inhibit or exclude AMF colonization (Cornwell et al., 2001). Wang et al. (2009) examined
the relationship between Sonneratia apetala B. Ham. and AMF in different wetland
environments. They identified six AMF species at the sites and noted that the main factor
affecting mycorrhizal colonization of Sonneratia apetala B. Ham. were phosphorus levels within
the rhizosphere. Wang et al. (2009) results agree with my mycorrhizal data and both show an
inverse relationship between phosphorus and AMF colonization.
I hypothesized that plant species grown in high phosphorus concentrations would be
smaller and have less biomass than those grown in low phosphorus concentrations (West
Montrose). Additionally, I hypothesized that the root-shoot ratio would reflect the greater
allocation of resources to shoots in high phosphorus environments. Root length and surface area
were found to be dependent on location and agreed with my hypothesis. West Montrose, which
had low levels of nutrients had significantly larger and longer roots then those roots found at
both Canagagigue Creek and Buggy Bridge, which had much higher nutrients levels. This was
true for all three species tested.
The shoot to root ratio of the plant is an important determinant of plant health when
monitoring seedling growth. Allocation to shoot or root, reflects on the abundance of resources
available to the plant. Greater allocation of resources to shoot reflects the need for carbon
dioxide and photosynthesis whilst greater allocation to below ground structures occurs when
water and nutrients are limited. In my study the root-shoot ratio was not significantly different
between sites or species. However, from the literature it was expected that shoots in a nutrient
limiting location would have allocated growth to the roots and limited shoot development (Drew
and Saker, 1978; Marshall 2017). In my study shoot development was not limited, this may be
due to the number of replicates in the experiment. The shoots were not significantly affected by
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the high phosphorus concentrations between sites but had significant species-specific
differences. Since the species chosen are from differing plant families and therefore have
differing shoot morphologies, it is rational to attain these significant species effects.
Given that this study has shown impacts on plant growth and mycorrhizal colonization at
levels currently found within the Grand River watershed, future studies should now focus on
community level effects and their impact on ecosystem services. The community level effects,
such as the specific type of mycorrhizal and plant communities present in wetlands is worth
examining. Mycorrhizal communities are altered at higher concentrations of phosphorus.
Examining the possible species-specific differences in mycorrhizal communities able to associate
with roots at higher levels of phosphorus could prove valuable to wetland reclamation. Assessing
plant community responses by planting multiple species in a pot, may provide information
regarding effect on competitive strategies of species at differing levels of phosphorus. The
outcome of this study may indicate which plant species are best planted at certain locations of a
river differing in water quality. The ecosystem services offered by wetland plants are particularly
important when studying wetland ecosystems. Contaminant removal, soil stability and soil
aggregation are all ecosystem services that are provided by plants. Completing a mesocosm
study and measuring these different parameters would be beneficial to developing strategies to
maintain ecosystem health and functioning.
A multitude of scientific disciplines are needed when investigating how to best practice
experiments as well as when examining the numerous responses that are outputted from them.
Although my thesis’ foundation focused on wetland ecology, it is important to understand the
integration of numerous disciplines that took place throughout my practice. Biochemistry was an
essential subject studied when examining water samples in both the field and greenhouse studies.

36

For example, the water samples were analyzed with the HACH machine which requires an
understanding of the chemistry behind the system leading to more accurate results. When
planning my experiment, I determined how phosphorous moves throughout the soil and
waterways by integrating chemistry, biogeochemistry and microbiology. Particularly, when
determining which substrate and mycorrhizal fungi would be utilized within the FDA.
Physiology became an important integration when formulating the rationale behind speciesspecific responses that took place. Botany was useful when examining the sites for the field
study and determining the best plants for the project. Lastly, biostatistics was needed to analyze
the results of the experiments. Considering scientific studies build upon others, it is imperative to
understand the relationship that forms and interactions that take place in many branches of
science. It is only through the integration of many scientific disciplines that the impacts to our
environment can be concluded.
The implications of my field study show the need to reassess the provincial water quality
standards and nutrient goals. The current objective of total P in the Grand River has been set at
0.03 mg/L P since 2011 (Loomer and Cooke, 2011). As of May 2019, the Great Lakes Water
Quality Agreement (GLWQA) between Canada and the United States has aimed to reduce total
phosphorous levels entering into Lake Erie by 40% (Hanief and Laursen, 2019). Unfortunately,
since the 2011 objective the total phosphorus concentration remains high, above the 0.03 mg/L
P, rising to documented amounts of 0.3 mg/L of total P in many locations. The GLWQA has
proposed to reach the total phosphorus objective by utilizing grassed waterways, bank
stabilization by logs/rocks, conversion of croplands to forests or wetlands and planting of winter
cover crops. Through my experiment the objective of 0.03 mg/L P has been shown to alter
mycorrhizal association and species-specific differences in the field were found. If the objective
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remains unchanged the community composition of the vegetation that the GLWQA aims to
plant, will be affected. The impacts of this study show the potential shift in community structure
that could be occurring along the riverbanks of wetland plants. Reassessment of the nutrient
objectives may need to occur to incorporate the important relationship of the mycorrhizal-plant
symbiosis as the nutrient accumulation that occurs in the wetlands and effects this symbiotic
relationship.
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Conclusion
In a controlled environment phosphorous levels ranging from 10-30 µg/l P were
sufficient in effecting arbuscular, vesicular and hyphal mycorrhizal colonization. The results
were species-specific and dependent on phosphorous exposure. Although There were not any
plant parameters: shoot/root length, shoot/root mass, that were significantly affected within the
greenhouse environment limitations in the study design may have prevented the detection of
these effects In the Grand River Watershed, sites with elevated phosphorus had plants with
significantly smaller/less below ground structures and mycorrhizal colonization. The above
ground characteristics: weight, length and surface area had species-specific differences but were
not affected by site. This study shows less colonization, smaller roots and a change to above
ground structures at high nutrient levels and therefore a potential alteration in ecosystem
functioning. Both studies aimed to capture the effects of phosphorous on plant growth
parameters, the results of the studies expose the inverse relationship of AMF colonization and
phosphorus exposure.
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Tables
Table 1: Summarized nutrient data from the Provincial (Stream)Water Quality Monitoring
Network of Ontario from 2000-2016.
Site

Total
phosphorus

Nitrates

pH

Dissolved
Oxygen

West Montrose

0.05

2.3

8.06

13.9

Canagagigue
Creek

0.22

3.04

8.2

11.71
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Table 2: Summary of the two-way ANOVAs assessing the effects of phosphorus on plant and
mycorrhizal growth

Response
Variable

Total phosphorus Level
(µg/L PO4-P)

Species

Total phosphorus
Level (µg/L PO4-P)
* Species

F

P-Value

ndf/d
df

F

P-Value

ndf/ddf F

Arbuscule
%

91.52

<0.0001
*

2/133

12.67

<0.0001
*

2/133

4.76 0.0013* 4/133

Vesicle
%

48.65

<0.0001
*

2/135

8.13

0.0005*

2/135

4.99 0.0009* 4/135

Hyphae

143.37

<0.0001
*

2/135

31.81

<0.0001
*

2/135

9.49 <0.0001 4/135
*

Root
Weight

2.1817

0.1168

2/135

0.992
1

0.3735

2/135

0.30 0.8768 4/135
12

Root
Surface
Area

0.8859

0.4147

2/135

1.273
9

0.2831

2/135

1.18 0.3196 4/135
66

Shoot
Weight

0.1685

0.8451

2/135

92.11
43

0.0125

2/135

0.76 0.5515 4/135
24

Shoot
Surface
Area

0.0949

0.9095

2/135

260.6
615

0.3826

2/135

0.26 0.9023 4/135
13

P-Value ndf/ddf
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Table 3: Average ‘open’ water quality data from the 11 water sampling events that took place
from June 19, 2018 - July 24, 2018. Means are presented ± standard deviation.
Site

West Montrose

Buggy Bridge

Canagagigue Creek

Units

pH

8.2 ± 0.2

8.4 ± 0.1

8 ± 0.3

-

Min/max

7.58/8.45

8.21/8.65

6.97/8.36

Conductivity

454.145 ± 34

551.082 ± 144

715.9 ± 134

Min/max

411.2/517

361.7/775

557/865

Dissolved Oxygen

10.46 ± 1.8

11.068 ± 2.8

9.116 ± 2

Min/max

7.8/14.18

8.94/18.5

6.39/13.64

Total phosphorus

9.545 ± 6.4

26 ± 26.7

37.727 ± 30

Min/max

4/27

10/97

27/107

Reactive
Phosphorus

3.273 ± 1.3

10.91 ± 18.8

10.091 ± 13

Min/max

2/6

4/65

4/42

Ammonia

0.011 ± 0.01

0.028 ± 0.04

0.03 ± 0.02

Min/max

0/0.06

0/0.16

0/0.07

Nitrate

0.135 ± 0.04

0.189 ± 0.08

0.246 ± 0.08

Min/max

0.08/0.2

0.08/0.3

0.1/0.35

Nitrite

0.022 ± 0.008

0.0288 ± 0.01

0.0245 ± 0.006

Min/max

0.012/0.039

0.018/0.035

0.012/0.039

Potassium

1.973 ± 0.5

4.164 ± 0.3

3.509 ± 1.6

Min/max

1.4/3.6

3.7/4.5

0.9/6

Cus/cm

mg/L

µg/L PO4-P

µg/L PO4-P

mg/L NH3

mg/L NO3-

mg/L No2-

mg/L K
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Table 4: Average ‘pore’ water quality data from the 11 water sampling events that took place
from June 19, 2018 - July 24, 2018. Means are presented ± standard deviation.
Site

West Montrose

Buggy Bridge

Canagagigue
Creek

Units

pH

7.751 ±0.3

7.723 ± 0.5

7.475 ± 0.2

-

Min/max

7.35/8.32

7.2/8.42

7.13/8.01

Conductivity

579.373 ± 172

689.8 ± 186.5

769.818 ± 127.2

Min/max

407/1008

513/941

617/959

Dissolved
Oxygen

5.712 ± 3.6

4.336 ± 3.9

2.993 ± 2.3

Min/max

2.06/10.84

0.46/11.02

0.85/8.14

Total phosphorus

55.818 ± 23.1

85.909 ± 52.2

90 ± 14.6

Min/max

20/91

24/191

59/110

Reactive
Phosphorus

10.545 ± 2.9

28.091 ± 28.8

30.182 ± 16.9

Min/max

6/16

12/113

9/57

Ammonia

0.046 ± 0.08

0.131 ± 0.13

0.0836 ± 0.06

Min/max

0/0.33

0/0.42

0/0.18

Nitrate

0.145 ± 0.04

0.217 ± 0.07

0.259 ± 0.08

Min/max

0.07/0.22

0.09/0.34

0.08/0.33

Nitrite

0.02 ± 0.006

0.039 ± 0.04

0.026 ± 0.008

Min/max

0.003/0.031

0.009/0.166

0.017/0.044

Potassium

1.882 ± 0.47

4.218 ± 0.4

3.445 ± 1.4

Min/max

1.2/3

3.8/5

0.3/4.7

Cus/cm

mg/L

µg/L PO4-P

µg/L PO4-P

mg/L NH3

mg/L NO3-

mg/L No2-

mg/L K
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Table 5: Summary of the two-way ANOVAs assessing the effects of phosphorus on plant and
mycorrhizal growth in the Field Deployable Assasys (FDAs). Significant effects (p=<0.05) are
denoted by an asterisk. Untransformed data is denoted by an additional asterisk; the data failed at
least one of the obligatory ANOVA precursor tests.
Response
Variable

Location

Species

F

PValue

ndf/d F
df

Shoot
Length

0.469
3

0.6290

2/38

Shoot
Weight

1.718
7

0.1929

Shoot
Surface
Area

0.748
5

Root
Length

P-Value ndf/ddf

Species:Location
F

P-Value

ndf/d
df

13.926 <0.0001 2/38
4
*

0.6178

0.6525

2/38

2/38

8.3558 0.0010* 2/38

1.1755

0.3370

2/38

0.4799

2/38

11.121 0.0002* 2/38
9

1.3332

0.2753

2/38

6.977
5

0.0026
*

2/38

3.3795 0.0446* 2/38

0.5224

0.7198

2/38

Root
Surface
Area

7.103
0

0.0024
*

2/38

6.2612 0.0045* 2/38

0.1846

0.9450

2/38

Root
Weight

10.45
74

0.0002
*

2/38

2.7386 0.0774 2/38

0.6513

0.6295

2/38

Hyphae

12.34
44

<0.000
1*

2/38

2.4525 0.0996 2/38

1.6945

0.1875

2/38

Vesicles

4.915
1

0.0126
*

2/38

1.2251 0.3051 2/38

1.1344

0.3246

2/38

Arbuscul
es

7.039
1

0.0025
**

2/38

0.3995 0.6734 2/38

2.9559

0.0223*
*

2/38

RootShoot
Ratio

0.118
8

0.8883

2/38

0.073 0.9298 2/38

0.0966

0.9829

2/38
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Table 6 Kaiser-Meyer-Olkin measure of sampling adequacy and Bartlett’s test for the principal
component’s analysis of ‘open’ water quality parameters.
Overall Kaiser-Meyer-Olkin
Measure of Sampling Adequacy

0.72

Bartlett’s Test of Sphericity
Approx. ChiSquare

152.8941

df

28

P-value

0.000
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Table 7 Kaiser-Meyer-Olkin measure of sampling adequacy and Bartlett’s test for the principal
component’s analysis of ‘pore’ water quality parameters.
Overall Kaiser-Meyer-Olkin Measure of
Sampling Adequacy

0.57

Bartlett’s Test of Sphericity
Approx. ChiSquare

66.49

df

28

P-value

0.000
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Figures

Figure 1 Phalaris arundinacea root grown in a controlled greenhouse environment and exposed
to 0.01 mg/L P. Roots were cleared with 10% KOH and stained with 5% ink and vinegar
solution (5% acetic acid). A-C are arbuscular mycorrhizal fungi structures. A: Arbuscule, B:
Vesicle, C: Hyphae, where the scale bar = 50 m.
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Figure 2 Summary of wetland studies completed by White and Charvat (1999), Tang et al.
(2001) and Stevens et al. (2002) with the addition phosphorus in a controlled environment. The
dashed line indicates uppermost concentrations found in the Grand River Watershed (0.644 mg/L
P). The dotted line indicates the Provincial Water Quality Objective for total phosphorus (0.03
mg/L P). Means are presented with +/- one standard error. Figure attained from Marshall (2017).

48

Figure 3 Phosphorous exposure methods used in various greenhouse experiments (White and
Charvat, 1999; Tang et al., 2001; Stevens, 2002). Static non-renewal approach injects
phosphorous into the experiment once, and it decreases in concentration over time. The static
renewal approach periodically injects phosphorous throughout the experiment. The continuous
flow-through system maintains consistent exposure of phosphorous throughout the entire
experiment.
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Figure 4 Field Deployable Assay (FDA) utilized in the field experiments. Invented by Kevin
Stevens as a device for photo-ecological monitoring (1-4):
1: Growth chamber: Transparent area which allows sunlight and oxygen through but
impedes the surrounding environment
2: Coupler: Links the delivery tube to the main chamber. Area where the seeds are
planted, and soil/inoculum is held
3: Main chamber: Pore water is delivered through media bed by capillary action,
horizontal slits (100-300 µm) allow water entry but exclude soil particles
4: Insert: Seals the bottom of the delivery tube
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Figure 5 Mycorrhizal plant species utilized in the field study (A-C). A: Phalaris arundinacea, B:
Veronica anagallis-aquatica, C: Echinochloa muricata. All three species were housed in the
field deployable assay, grown from seed for 30 days.
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Figure 6 Panel displaying the three geographic locations of the sites chosen for the field study
(1-3). These sites were chosen based off of differing water quality parameters noted from the
Provincial Water Quality Monitoring Network: 1: West Montrose, 2: Canagagigue Creek, 3:
Buggy Bridge, (Images from Google, 2019).
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Figure 7 Aerial perspective of the field deployable assays at the Buggy Bridge site. Field
deployable assays were planted along a 5m transect and randomly inserted into the ground using
a soil corer. Surrounding vegetation was removed and continually cut back during the growing
period.
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Figure 8 Effects of phosphorous on arbuscular colonization of three wetland species,
Phalaris arundinacea, Veronica anagallis-aquatica and Echinochloa muricata. The intact
soil cores were stored in 4oC until transplanted into the controlled experiment. Plant species
were exposed to constant P treatments (10, 30, 644 ug/L P) during a 30-day growth period.
Different upper-case letters indicate significant differences among phosphorous treatments
for each species. Means are presented ± 1 standard deviation (p<0.05).
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Figure 9 Effects of phosphorous on the hyphal colonization of three wetland species,
Phalaris arundinacea, Veronica anagallis-aquatica and Echinochloa muricata. The intact
soil cores were stored in 4oC until transplanted into the controlled experiment. Plant species
were exposed to constant P treatments (10, 30, 644 ug/L P) during a 30-day growth period.
Different upper-case letters indicate significant differences among phosphorous treatments
for each species. Means are presented ± 1 standard deviation (p<0.05).
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Figure 10 Effects of phosphorous on the mean vesicular percentage on roots of three wetland
species, Phalaris arundinacea, Veronica anagallis-aquatica and Echinochloa muricata. Plant
species were exposed to constant P treatments during a 30-day growth period. Different uppercase letters indicate significant differences among phosphorous treatments for each species.
Means are presented ± 1 standard deviation (p<0.05).
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Figure 11 Kaiser-Guttman model consisting of the mean eigenvalues for the principal
component’s analysis of ‘pore’ water quality analysis. The red line denotes the average
eigenvalue. All components that are larger than this will be considered significant and therefore
utilized during the PCA analysis. Three sites were assessed for 9 water quality parameters within
the field deployable assay. Sampling took place 22 times over the course of 7 weeks.
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Figure 12 Principle components 1 and 2, analyzing the ‘open’ water samples at West Montrose
(blue ellipse), Canagagigue Creek (yellow ellipse) and Buggy Bridge (green) for nutrient quality
parameters (nitrite, nitrate, reactive phosphorus, total phosphorus, potassium, ammonia,
dissolved oxygen, conductivity and pH). There are 95% confidence intervals for ellipse
separation.
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Figure 13 Principle components 3 and 4, analyzing the ‘open’ water samples at West Montrose
(blue ellipse), Canagagigue Creek (yellow ellipse) and Buggy Bridge (green) for nutrient quality
parameters (nitrite, nitrate, reactive phosphorus, total phosphorus, potassium, ammonia,
dissolved oxygen, conductivity and pH). There are 95% confidence intervals for ellipse
separation.
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Figure 14 Kaiser-Guttman model consisting of the mean eigenvalues for the principal
component’s analysis of ‘open’ water quality analysis. The red line denotes the average
eigenvalue. All components that are larger than this will be considered significant and therefore
utilized during the PCA analysis. Three sites were assessed for 9 water quality parameters within
a meter of the riverbank. Sampling took place 22 times over the course of 7 weeks.
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Figure 15 Principle components 1 and 2, analyzing the ‘open’ water samples at West Montrose
(blue ellipse), Canagagigue Creek (yellow ellipse) and Buggy Bridge (green) for nutrient quality
parameters (nitrite, nitrate, reactive phosphorus, total phosphorus, potassium, ammonia,
dissolved oxygen, conductivity and pH). There are 95% confidence intervals for ellipse
separation.
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Figure 16 Principle components 3 and 4, analyzing the ‘open’ water samples at West Montrose
(blue ellipse), Canagagigue Creek (yellow ellipse) and Buggy Bridge (green) for nutrient quality
parameters (nitrite, nitrate, reactive phosphorus, total phosphorus, potassium, ammonia,
dissolved oxygen, conductivity and pH). There are 95% confidence intervals for ellipse
separation.
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Figure 17 Effects of water quality on mean shoot length (cm) at three differing water quality
sites (West Montrose, Canagagigue Creek and Buggy Bridge) on the Grand River Watershed.
Echinochloa muricata, Phalaris aruninacea and Veronica anagallis-aquatica were grown in
Field Deployable Assays for a 30-day period. Raw means are presented with ± 1 standard
deviation .
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Figure 18 Effects of water quality on mean shoot weight (g) at three differing water quality sites
(West Montrose, Canagagigue Creek and Buggy Bridge) on the Grand River Watershed.
Echinochloa muricata, Phalaris aruninacea and Veronica anagallis-aquatica were grown in
Field Deployable Assays for a 30-day period. Raw means are presented with ± 1 standard
deviation.
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Figure 19 Effects of water quality on mean shoot surface area (cm2) at three differing water
quality sites (West Montrose, Canagagigue Creek and Buggy Bridge) on the Grand River
Watershed. Echinochloa muricata, Phalaris aruninacea and Veronica anagallis-aquatica were
grown in Field Deployable Assays for a 30-day period. Raw means are presented with ± 1
standard deviation.
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Figure 20 Effects of water quality on mean root length (cm) at three differing water quality sites
(West Montrose, Canagagigue Creek and Buggy Bridge) on the Grand River Watershed.
Echinochloa muricata, Phalaris aruninacea and Veronica anagallis-aquatica were grown in
Field Deployable Assays for a 30-day period. Raw means are presented with ± 1 standard
deviation.
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Figure 21 Effects of water quality on mean root weight (g) at three differing water quality sites
(West Montrose, Canagagigue Creek and Buggy Bridge) on the Grand River Watershed.
Echinochloa muricata, Phalaris aruninacea and Veronica anagallis-aquatica were grown in
Field Deployable Assays for a 30-day period. Raw means are presented with ± 1 standard
deviation.
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Figure 22 Effects of water quality on mean root surface area (cm2) at three differing water
quality sites (West Montrose, Canagagigue Creek and Buggy Bridge) on the Grand River
Watershed. Echinochloa muricata, Phalaris aruninacea and Veronica anagallis-aquatica were
grown in Field Deployable Assays for a 30-day period. Raw means are presented with ± 1
standard deviation.
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Figure 23 Mycorrhizal colonization of Echinochloa muricata, Phalaris aruninacea and
Veronica anagallis-aquatica grown in Field Deployable Assays at three sites within the Grand
River Watershed (West Montrose, Canagagigue Creek and Buggy Bridge). Means are presented
+/- 1 standard error.
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Figure A1 Raw Nitrite quantities (mg/L No2-) collected in both the pore space of the FDA (P)
or in the open water (O), collected within a meter of the riverbank. Samples were collected twice
a week throughout the experiment, at the three locations: West Montrose (WM), Canagagigue
Creek (CC) and Buggy Bridge (BB). All sample containers were sterilized prior to collection,
brought back to the laboratory and analyzed for the nutrient within 24 hours of collection.
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Figure A2 Raw Nitrate quantities (mg/L No3-) collected in both the pore space of the FDA (P)
or in the open water (O), collected within a meter of the riverbank. Samples were collected twice
a week throughout the experiment, at the three locations: West Montrose (WM), Canagagigue
Creek (CC) and Buggy Bridge (BB). All sample containers were sterilized prior to collection,
brought back to the laboratory and analyzed for the nutrient within 24 hours of collection.
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Figure A3 Raw reactive Phosphorus quantities (µg/L PO4-P) collected in both the pore space of
the FDA (P) or in the open water (O), collected within a meter of the riverbank. Samples were
collected twice a week throughout the experiment, at the three locations: West Montrose (WM),
Canagagigue Creek (CC) and Buggy Bridge (BB). All sample containers were sterilized prior to
collection, brought back to the laboratory and analyzed for the nutrient within 24 hours of
collection.
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Figure A4 Raw total phosphorus quantities (µg/L PO4-P) collected in both the pore space of the
FDA (P) or in the open water (O), collected within a meter of the riverbank. Samples were
collected twice a week throughout the experiment, at the three locations: West Montrose (WM),
Canagagigue Creek (CC) and Buggy Bridge (BB). All sample containers were sterilized prior to
collection, brought back to the laboratory and analyzed for the nutrient within 24 hours of
collection.
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Figure A5 Raw Ammonia quantities (mg/L NH3) collected in both the pore space of the FDA
(P) or in the open water (O), collected within a meter of the riverbank. Samples were collected
twice a week throughout the experiment, at the three locations: West Montrose (WM),
Canagagigue Creek (CC) and Buggy Bridge (BB). All sample containers were sterilized prior to
collection, brought back to the laboratory and analyzed for the nutrient within 24 hours of
collection.
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Figure A6 Raw Potassium quantities (mg/L K) collected in both the pore space of the FDA (P)
or in the open water (O), collected within a meter of the riverbank. Samples were collected twice
a week throughout the experiment, at the three locations: West Montrose (WM), Canagagigue
Creek (CC) and Buggy Bridge (BB). All sample containers were sterilized prior to collection,
brought back to the laboratory and analyzed for the nutrient within 24 hours of collection.
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